New information generated since 2016 from the application of molecular tools to infections with Giardia and Cryptosporidium is critically summarised. In the context of molecular epidemiology, nomenclature, taxonomy, in vitro culture, detection, zoonoses, population genetics and pathogenicity, are covered. Whole genome sequencing has had the greatest impact in the last three years. Future advances will provide a much better understanding of the zoonotic potential of both parasites, their diversity and how this is linked to pathogenesis in different hosts.
A C C E P T E D M
A N U S C R I P T (Caccio et al., 2018) . As such, there is a need to re-visit the culture and amplification of host adapted species of Giardia so that material can be obtained for sequencing. It is nearly 10 years since the last genome of a Giardia species was completed (Jerlström-Hultqvist et al., 2010) . A more sophisticated approach to in vitro culture systems for Giardia has been advocated, for example involving co-culture with gastrointestinal organoids (Caccio et al., 2018) , as recently developed for Cryptosporidium (Heo et al., 2018; Morada et al., 2018) .
Cryptosporidium hominis and C. parvum can be grown in culture but significant amplification of isolates has not been achieved. Novel culture platforms have been developed that allow the generation of oocysts in culture (Josse et al., 2019; Miller et al., 2018; Heo et al., 2018; Morada et al., 2018) . Of these, those involving organoids (Heo et al., 2018; Morada et al., 2018) coupled with sophisticated imaging techniques offer the greatest potential to study the developmental biology of Cryptosporidium in detail. However, no advances have been reported since those of Hijjawi et al. (2004) and Koh et al. (2013 Koh et al. ( , 2014 ,) which allowed the development of the parasite to be studied in detail and the demonstration of novel gregarine-like developmental stages and extracellular development (Aldeyarbi and Karanis, 2016; Clode et al., 2015; Thompson et al., 2016) . Such studies were complemented by molecular phylogeny and the re-classification of Cryptosporidium as a gregarine (Cavalier-Smith, 2014) . These findings which demonstrate that non-oocyst extracellular developmental stages may survive in the environment will have a tremendous impact on the water industry (Ryan et al., 2016) since it is now aware attention can no longer focus on the oocyst as the only transmissible stage thus complicating surveillance. As such, there is a need to refine in vitro studies in order to identify what other developmental stages may be transmitted in water, and how best to visualise and detect them. Future in vitro studies
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A C C E P T E D M A N U S C R I P T should focus on further characterization of novel life cycle stages. Success in this effort represents an essential step towards significant progress in the control of Cryptosporidium infections (Karanis, 2018).
Taxonomy and Terminology
Two new species have been described in Giardia, both in wildlife (Table 1) . G. peramelis occurs in an Australian marsupial, the quenda (syn. southern brown bandicoot) (Isodon obesulus) (Hillman et al., 2016) . It has not been found in cohabiting species and quenda are considered a natural host for Giardia paramelis. Phylogenetic analyses placed G. peramelis external to the 'Giardia duodenalis species complex' and Giardia microti (Hillman et al., 2016) . Lyu et al.
(2018) described Giardia cricetidarum from captive hamsters (Phodopus sungorus), a species phylogenetically distinct but closely related to G. muris. G. cricetidarum is considered to be host specific to the hamsters P. sungorus, P. campbelli and Mesocricetus auratus. However, infected hamsters were all "domestic", maintained in captivity. It is not known how common G. cricetidarum is in wild free-ranging hamsters nor whether co-habiting mammals are susceptible to infection. The status of the genetically distinct isolate recovered from seals and referred to assemblage H (Table 1 ) requires additional studies.
It is likely that more new species of both Giardia and Cryptosporidium will be described, principally in wildlife, as awareness of the importance of surveillance of native fauna increases.
Novel genotypes are increasingly being reported, for example of both Giardia and Cryptosporidium in wild Tasmanian devils (Sarcophilus harrisii) (Wait et al., 2017) , and as additional data is obtained from other species of wildlife, this may result in new species
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A C C E P T E D M A N U S C R I P T descriptions. Given the controversial history of past species descriptions based on host occurrences, it has clearly proven to be a good predictor of species recognition and acceptance, particularly in wildlife. However, molecular tools are required to validate species proposals in the absence of morphological differences.
A stable, working, formal terminology for the causative agents responsible for infection is essential in epidemiological studies. It has been controversial for both Giardia and Cryptosporidium, principally with respect to the recognition of described species. The situation appears to be fairly stable with Cryptosporidium, and recognition of C. pestis (Šlapeta, 2011) appears not to have received wide favour. However, this is not the case with Giardia. As more host-adapted species are described, it is likely that the proposed terminology for all non-zoonotic forms will be accepted ( Table 1 ). The controversy primarily concerns the zoonotic forms, G. duodenalis (assemblage A) and G. enterica (assemblage B). Isolates of these two species/assemblages can be amplified in in vitro culture. As such, whole genome sequencing is considered to support the proposal by Monis et al. (2009) that Giardia assemblages should be viewed as different species (Tsui et al., 2018 , Xu et al., 2012 , with no evidence of genetic exchange between species (Xu et al. 2012) . The results from these whole genome sequencing studies have been complemented and supported by proteomic analysis (Emery-Corbin et al., 2018) . However, these latter authors unfortunately suggested referring to assemblages A (G. 
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Although the species name G. duodenalis is the name most commonly used for Assemblage A, G. intestinalis and G. lamblia are also sometimes used as synonyms. This continues to create confusion and makes it difficult to compare results between published studies. A recent paper by Fantinatti et al. (2018) illustrates this, in which the authors refer to G. lamblia genotype A in dogs, and with no discrimination between AI, AII or AIII.
Molecular detection
Both Giardia and Cryptosporidium can be transmitted via the faecal oral route or through ingestion of contaminated soil, food or water and a corresponding number of detection methods exist for this array of sample types (Thompson and Ash, 2016) . Diagnostic techniques ranging from traditional microscopy, immunofluorescent antibody tests and the ever-evolving DNA based molecular protocols have been employed; often displaying a range of sensitivity and specificity as noted in many recent reviews (Adeyemo et al., 2016; Efstratiou et al., 2017; Koehler et al., 2014; Ryan et al., 2018 Ryan et al., , 2019 Soares, 2016) . Of these, molecular techniques perhaps have the most promise, particularly as genetic characterization is the only way to determine the species and genotype/subtype of Giardia or Cryptosporidium isolated; a necessity for epidemiological studies investigating pathogen transmission and pathways.
Multiplex and real time quantitative PCR protocols have been developed both as individual methodologies and those that can be applied in combination (Shin et al., 2018) . These techniques provide quantitative, rapid, high throughput assays able to detect multiple pathogens ACCEPTED MANUSCRIPT A C C E P T E D M A N U S C R I P T simultaneously and are of great use for the diagnostic laboratory (Mero et al., 2017; Rogowski et al., 2018; Sánchez et al., 2018; Shin et al., 2018) .
Another useful application of molecular tools is the ability to discriminate between viable and non-viable cysts/oocysts using mRNA assays. These techniques detect metabolically functional and active cells, which are therefore considered viable; a necessary requirement to determine the potential infectivity of a given sample set (Alonso et al., 2014; Ma et al., 2016; Rousseau et al., 2018; Travaille et al., 2016) . These techniques may also help to elucidate whether unusual host records (Abdel-Moein and Saeed, 2016; Pipikovka et al., 2018) are actual evidence of patent infections or rather mechanical passage from a contaminated environment.
Possibly the most limiting factor for molecular detection is reliable sensitivity. Some studies suggest PCR detection of these protozoa is more sensitive than methodologies such as microscopy and ELISAs (Helmy et al., 2018; Hijawii et al., 2018; Pan et al., 2018) , while others have noted a significant lack of sensitivity (Imre et al., 2017; Ma et al., 2016; Mero et al., 2017) .
This variation in reported sensitives may be linked to several factors such as DNA extraction methods, the presence of PCR inhibitors, gene region and the variety of sample types being analysed e.g. faecal, soil, water (Gasser 2006; Piggot and Taylor 2003) . However, the variation in sensitivity still being reported highlights the lack of a robust methodology available to all laboratory settings, as well as levels of expertise and access to appropriate training.
To-date, a standardized molecular detection method which is rapid, affordable, and both sensitive and specific across a range of sample types remains elusive.
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T
Molecular Epidemiology
Studies at a local level looking at intra-species genetic diversity using multilocus techniques have demonstrated the value of such approaches in better understanding the population genetics of Cryptosporidium infections (Feng et al., 2018) . Whole genome sequencing provides a more discriminatory approach in determining the potential for zoonotic transmission and source of outbreaks (Tsui et al., 2018) . Sequencing has confirmed that mixed infections with Giardia species are common (Ankarklev et al., 2018; Tsui et al., 2018 ) and also occur with Cryptosporidium (Paparini et al., 2017) . Mixed infections are more common than previously thought, and will be overlooked by conventional PCR (Tsui et al., 2018) .
Evidence of zoonotic transmission and new wildlife reservoirs
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Zoonotic transmission involving domestic hosts occurs with both Giardia and Cryptosporidium although, apart from waterborne outbreaks, the frequency of direct transmission requires further studies (Thompson and Ash, 2016). As mentioned above, host occurrence has been and is still a good predictor of species of Giardia and Cryptosporidium, particularly in wildlife but molecular tools are required for validation in the absence of morphological differences. The situatio n is complicated by anthropologically driven reverse zoonotic transmission, with infections in wildlife increasingly the consequence of anthropogenic activities (Heyworth, 2016; Xiao and Feng, 2017) . As a consequence, reservoirs (amplifiers) may establish in wildlife hosts. Beavers are the classical example of this but more recently, marine mammals, marsupials and non-human primates have been shown to play this role (Brynildsrud et al., 2017; Delport et al., 2014; Hogan et al., 2014; Tangtrongsup et al., 2019; Teichroeb et al., 2009; Tsui et al., 2018) .
Captive animal studies can provide useful data on the transmission of Giardia and Cryptosporidium in zoos and animal sanctuaries, in terms of both host and public health.
However, there are an increasing number of reports of the occurrence and molecular characterisation of Giardia and Cryptosporidium in various species of wildlife in captivity often not related to the clinical or public health significance of the parasites. It is not our intention to provide a critical review of these studies here, but would like to suggest that such studies may be of limited value in terms of parasite ecology and epidemiology in nature. conditions. This is unlikely to be a true infection and probably represents DNA of G. cati derived from cysts accidentally consumed from the environment. The results were based on the finding of DNA in faeces and no microscopy was undertaken.
Evidence for pathogenicity?
There is little doubt that Giardia and Cryptosporidium are capable of causing pathogenic changes within the host including acute diarrhoea, malabsorption, nausea and vomiting (Wolf 1992; Hopkins and Juranek, 1991; O'Donoghue, 1995) . Conversely, it is equally apparent that many cases are asymptomatic, perhaps more so with Giardia infections. A recent large-scale community-based study of ~30,000 children aged 0-24 months reported that Giardia infections were not associated with diarrhoea for any age group, site or diarrhoeal syndrome (Platts-Mills et al., 2015) . Research has even suggested that Giardia infection may have a protective effect against diarrhoea with a study reporting that preschool children infected with Giardia had significantly less episodes of acute diarrhoea than those not infected with Giardia (Muhsen et al., 2014) .
Reasons for this wide range of symptomology appear to be multifactorial with Giardia species and/or strain, host immunity, age, nutrition plane, stress and epithelial dysfunction considered significant in the aetiology of giardiasis (Berkman et al., 2002; Buret, 2008; Farthing et al., 1986; Robertson et al., 2010; Sahagun et al., 2008) . Perhaps the most interesting and least known factor is the possible interplay between the host microbiome and concomitant pathogens.
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T
Recent studies investigating the microbiome structure of dogs and cats naturally infected with enteric parasites, found an association between microbiome structure and diarrhoea in dogs (Gagné et al., 2013; Šlapeta et al., 2015) . In vitro studies have reported functional changes in commensal bacteria leading to an increase in pathogenicity when in association with Giardia (Gerbaba et al., 2015) . Barash et al. (2017) reported a downward shift in commensal microbes in mice infected with Giardia, particularly in short-chain fatty acids which are thought to be influential in maintaining gut health. Conversely, in an in vivo model of infectious colitis Giardia infections were able to attenuate granulocyte infiltration, providing an anti-inflammatory affect (Cotton et al., 2014) . These contradictory reports highlight the elusive nature of host/parasite interactions and Giardia as a pathogen or as a beneficial microoganism is dependent on a variety of factors potentially linked to the host microbiome. Unravelling this further will no doubt rely heavily on molecular techniques such as next generation sequencing, and sophisticated qPCR protocols able to both catalogue and quantify entire microbiomes within the host.
Concluding comments
Perhaps the most interesting advance in the last few years has been the application of whole genome sequencing to both Giardia and Cryptosporidium. It is no longer a technique out of reach to most researchers due to cost and time constraints, and next generation sequencing (NGS) is becoming more routine in many laboratories. As whole genome sequencing is used more widely, it will provide much more information on the diversity of Giardia and Cryptosporidium, population genetics, ecology, dynamics of transmission and pathogenicity. For results to be meaningful, care must be taken to develop meaningful sampling strategies so that
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A C C E P T E D M A N U S C R I P T results can contribute to a better understanding of the molecular epidemiology of infections with Giardia and Cryptosporidium. For example, as discussed above, it is likely to be much more meaningful to sample free ranging wildlife than animals in captivity.
Research on the in vitro cultivation of Cryptosporidium should put less reliance on indirect measures of growth and more on microscopy in order to advance knowledge on the developmental biology of Cryptosporidium. With Giardia, there is a need to investigate why host-specific species will not multiply in conventional media. The fact that they will not grow serves to demonstrate how different they are to the zoonotic species and at the same time presents a challenge to search for media better tailored for their nutritional requirements.
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